Recently, spectral retrieval has proven to be a powerful tool for constraining the physical properties and atmospheric compositions of extrasolar planet atmospheres from observed spectra, primarily for transiting objects but also increasingly for directly imaged planets and brown dwarfs. Despite its strengths, this approach has been applied to only about a dozen targets. Determining the abundances of the main carbon and oxygen-bearing compounds in a planetary atmosphere can lead to the C/O ratio of the object, which is crucial in understanding its formation and migration history. We present a retrieval analysis on the published near-infrared spectrum of κ And b, a directly imaged substellar companion to a young B9 star. We fit the emission spectrum model utilizing a Markov Chain Monte Carlo algorithm. We estimate the abundance of water vapor, and its uncertainty, in the atmosphere of the object. We also place an upper limits on the abundance CO 2 and CH 4 and constrain the pressure-temperature profile of the atmosphere. We compare our results to studies that have applied model retrieval on multiband photometry and emission spectroscopy of hot Jupiters (extrasolar giant planets with orbital periods of several days) and the directly imaged giant planet HR 8799b. We find that the water abundances of the hot Jupiters and the two directly imaged planets inhabit overlapping regions of parameter space and that their P-T profiles are qualitatively similar, despite the wide range of effective temperatures and incident stellar fluxes for these objects.
INTRODUCTION
The study of exoplanets is moving from an era focussed on discovery to one of characterization. While most exoplanets detected to date have been discovered through the radial velocity or transit technique, there are a handful of substellar companions within 100 AU of their host star discovered through direct imaging (Pepe et al. 2014) . It remains unclear whether these populations are distinct or can be considered as part of a continuum of objects drawn from a variety of formation mechanisms, and experiencing a range of evolutionary histories.
The compositions of transiting and directly imaged extrasolar giant planets may be an important marker of their formation and migration history (Öberg et al. 2011; Madhusudhan et al. 2014a ). These authors suggest that giant planets' C/O and C/H ratios are affected by the locations in the protoplanetary disks where they formed with respect to the water and CO ice lines, as well as by the formation mechanism. E.g., Öberg et al. (2011) suggest that stellar C/O and C/H ratios are indicative of either formation within the water ice line or via gravitational instability. Substellar C/O, but superstellar C/H point to significant accretion of water ice bodies after the gas accretion phase. Superstellar C/O and C/H can mean gas accumulation near the CO or CO 2 ice lines or significant accretion of carbon grains. Superstellar C/O and substellar C/H indicates gas accretion from outside the water snow line.
The emission and absorption spectra of giant exoplanets and substellar companions can inform us about the chemical species and the C/O ratio in their atmospheres and help resolve the debate about their formation mechanism and evolution. Two complementary approaches have been used in constraining the atmospheric structure and composition of these objects. The first one relies on sophisticated forward modeling of the physical and chemical processes in the atmospheres of giant planets and calculating molecular abundances and temperaturepressure (T-P) profiles, and consequently model spectra based on these (e.g., Fortney et al. 2006 Fortney et al. , 2008 Burrows et al. 2007 Burrows et al. , 2008 . This approach, however, is computationally expensive, which combined with the large number of free parameters makes it extremely difficult to compare the model spectra to observations in a statistically robust manner. While model spectra that match the data can be found, quantifying the uncertainties in the underlying individual parameters is difficult.
The other approach, "spectral retrieval", on which we focus here, relies on a simple radiative transfer model that assumes that the T-P profile, the surface gravity and the atmospheric composition (with only few main molecular species considered) are free parameters (e.g., Benneke & Seager 2012 Lee et al. 2012; Line et al. 2012 Line et al. , 2013 . The effects of clouds on substellar emission spectra can also be parametrized and included (e.g., Madhusudhan et al. 2011; Lee et al. 2013 Lee et al. , 2014a .
Model spectra produced in this way are computationally cheap and the limited number of parameters makes fitting to observations feasible. Since the physical phenomena included in the models are limited, they rely entirely on the observations to inform the fit. A caveat is that the retrieval model, while still accounting for the most important physical processes and chemical species, could still be over-simplistic. Thus, not all features of a given atmosphere may be accounted for correctly.
In this study, we examine an integral field spectrum observed by Hinkley et al. (2013) of the directly imaged substellar companion orbiting the young star κ Andromedae (hereafter κ And b following Carson et al. 2013) . We summarize the known properties of the κ And system in Section 2. In Section 3, we discuss the available observed spectrum of κ And b. We present our simple radiative transfer model in Section 4. Section 5 focuses on our spectral retrieval approach, and in Section 6 we compare our results to similar studies of giant hot exoplanets.
KNOWN PROPERTIES OF THE κ ANDROMEDAE SYSTEM
κ Andromedae is a young but already post-main sequence B9IVn star (Wu et al. 2011 ) whose accurate age is debated. Carson et al. (2013) , who discovered the companion, assume that the κ And is a member of the Columba association (Zuckerman et al. 2011 ) and, following Marois et al. (2010) , adopt an age of 30 +20 −10 Myr for their analysis. On the other hand, Hinkley et al. (2013) use theoretical stellar isochrone tracks (Bertelli et al. 2009 ) combined with the previously measured stellar properties to derive an age of 220 ± 100 Myr. An alternative analysis by Bonnefoy et al. (2014) adopts a more conservative value than Carson et al. (2013) , but still based on the age of the Columba association: 30 +120 −10 Myr. The correct age of the system is important when assessing the luminosity and hence the mass of κ And b, whose spectral type is L1 ± 1 object . Carson et al. (2013) use their estimate for the age of the system (30 +20 −10 Myr) and the DUSTY evolutionary models (Allard et al. 2011 ) to estimate companion mass of 12.8
On the other hand, Hinkley et al. (2013) Bonnefoy et al. (2014) place a lower limit on the mass of the object of M comp > 10M J based on "warm-start" evolutionary models. While in principle it is a basic parameter, the mass of the companion is of secondary importance for our purposes, because it enters the spectrum formation only via the surface gravity term, which also depends on the unknown radius of the object. The radius can be determined from the precisely measured distance to the system and the objects luminosity. Unfortunately, the flux measurements discussed here were not well absolutely calibrated, making a radius determination unreliable. We summarize the known properties of the host star and its companion in Table 1. 3. OBSERVATIONS In our analysis, we consider the spectrum of κ And b as published by Hinkley et al. (2013) . We offer a brief summary of the way the data were obtained. These authors used the "Project 1640" instrument (Hinkley et al. 2011; Oppenheimer et al. 2012) Hinkley et al. (2013) . The observations cover the range between 0.9 and 1.8 µm, but for this study, we focus on wavelengths longer than 1 µm. At shorter wavelengths, CH 4 , CO, CO 2 , H 2 O, which we include in our study, and the P-T profile (see Section 4) have a limited impact on the emission spectrum (e.g., Lee et al. 2014a ). The spectrum is low-resolution (R ≈ 45) and contains 28 points in the range we examine. The uncertainties derived by the observers for every spectroscopic channel include the uncertainties due to the photon noise as well as systematic errors caused by the small angular separation between the primary and the companion and by the spectral calibration. The absolute calibration of the resulting flux values is not precise, and therefore it is difficult to derive the radius of the companion from its luminosity using the well known distance to κ And (52 ± 2 pc from Hipparcos parallaxes; Perryman et al. 1997; Carson et al. 2013 ).
RADIATIVE TRANSFER MODEL
4.1. General Description For this study we require a relatively fast and therefore relatively simple radiative transfer code that takes a limited number of parameters -chemical species abundances, P-T profile and a scaling factor that incorporates the companion's distance and luminosity -and compute an emission spectrum. To this end, we implement a custom one-dimensional plane-parallel radiative transfer software that we validate against the results from the NEMESIS code (Irwin et al. 2008 ) and the spectral synthesis software used by Line et al. (2012) and Line et al. (2013) . These codes were designed to study the spectra of planets, including hot Jupiters and young directly imaged gas giants.
Following Line et al. (2012) , we consider the effects on the emission spectrum of six chemical species for our radiative transfer model: CH 4 , CO, CO 2 , H 2 O, H 2 and He. The first four are expected to be the major sources of molecular line opacity in a hot substellar atmosphere (e.g., Tinetti et al. 2007; Swain et al. 2009 ). For CO, CO 2 , H 2 O we adopt opacities from the HITEMP database (Rothman et al. 2010) . For methane at wavelengths longer than 1.6 µm we adopt the values from Wenger & Champion (1998, this study does not extend to shorter wavelengths). Below 1.6 µm we use the HI-TRAN database (Rothman et al. 2009 ). In addition, we include the collision induced opacity due to H 2 -H 2 and H 2 -He interactions (Borysow et al. 2001; Borysow 2002) . Throughout this study, we consider the abundance of each species as a fraction of the total number of molecules. The CH 4 , CO, CO 2 and H 2 O abundances are free parameters, however, the ratio between H 2 and He is fixed to 86:14 (Line et al. 2012) . As an experiment, we also run our analysis with two times larger fraction of He (30% by number of the H 2 and He mixture) and the results from the two analyses are consistent with each other. The mean molecular weight of the atmosphere is calculated based on these main chemical species, assuming that the contribution from other molecules is small. In our model, the atmosphere is divided into a number of layers as a function of pressure. In this study, we use 90 layers that are evenly spaced in log(P ), varying between 2.4×10 −6 and 31.6 . Each layer has a temperature, based on the input P-T profile and a chemical composition associated with it. Following Line et al. (2012), we keep the chemical composition of all layers uniform, since the information content of the spectrum is insufficient to allow the retrieval of chemical gradients. We estimate the amount of flux from a given layer that leaves the atmosphere unimpeded and integrate over all layers, for a given wavelength. The layers at the top of the atmosphere have too low pressures to have a significant impact on the spectrum in the near-infrared, while the layers near the bottom are too obscured by the opacity in the upper layers (the top 10 and bottom 10 layers have < 0.001% contrbution to the total flux). The same operation is performed for every wavelength in which we are interested between 1 and 1.8 µm. We sample the model spectrum at a resolution that is much higher than that of the observed spectrum -every 1 cm −1 , or ∼ 2Å in this wavelength range. We then integrate the flux as a function of wavelength over the visible hemisphere of the companion. The total emitted flux is binned in wavelength to match the resolution of the observed spectrum. This approach is similar to the methods of Line et al. (2012) and Line et al. (2013) .
Treatment of Clouds
Previous emission spectrum retrieval studies have treated clouds and hazes (Lee et al. 2013 (Lee et al. , 2014a . These authors have explored cloudless and uniformly cloudy (the atmosphere being uniformly permeated by particles of a given size) models as well as an "intermediate" model, where the cloud layer has a minimum and maximum pressure, as in Burrows et al. (2011) . Lee et al. (2014a) have discussed aerosol treatment in detail and included it in their retrieval for the transit spectrum of HD 189733b by varying the wavelength dependent optical thickness of the aerosol, which is uniformly spread over many atmospheric scale heights, and the size of the particles that make it up. We adopt a slightly different approach. Since our radiative transfer code is onedimensional, we consider a single cloud layer that covers the whole planet with no gaps. The clouds are represented by adding "grey opacity" to the molecular opacities in the atmospheric layers in the model where the cloud occurs. The "thickness" of the clouds is represented by the amount of extra gray opacity added. We describe the optical depth contribution of the cloud deck as a Gaussian as a function of pressure in log space. The altitude of the deck (i.e., the pressure at the location of the peak of the Gaussian) and the cloud thickness (the amplitude of the Gaussian; the peak optical depth contribution of the cloud) are inputs of the code and can be explored by the fitting routine as free parameters. We fix the vertical extent of the clouds, i.e., the difference in pressure between the top and the bottom of the clouds, arbitrarily by setting the standard deviation of the Gaussian in optical depth to 10% of the pressure at the clouds' altitude. This scheme is illustrated in Figure 1 . Unless the cloud is extremely tall, which would be equivalent to the uniformly cloudy model in Lee et al. (2013 Lee et al. ( , 2014b ) that we do not consider, its height is strongly degenerate with its thickness. Thus, we elect to fix this parameter to a constant fraction of the cloud altitude. The opacity contribution from the cloud deck is invariant with wavelength.
5. FITTING PROCEDURE 5.1. Free Parameters We explore two versions of the model fit to the observed spectrum -with and without clouds as described in Section 4.2. We summarize the parameters and their definition in Table 2 . We indicate which parameters were left free and which were fixed both for the cloudy and cloud-free fits. While there are nine free parameters to describe temperatures throughout the P-T profile, the model takes 90 layers in pressure and temperature as input. The temperature cannot be let to vary freely in each layer, because the spectrum contains insufficient information for this -even neglecting the signal-to-noise considerations, there will be 90 free parameters compared to a spectrum of 28 points. Therefore, we select nine individual layers, uniformly interspersed in pressure, where Fig. 1. -A schematic representation of our cloud treatment approach. The change in optical depth due to gas at a given wavelength as a function of pressure is represented by the black line. The red line is a Gaussian describing the contribution to the change in optical depth from the haze layer. The pressure of the peak of the Gaussian and its amplitude are free parameters in the fit, but its standard deviation is fixed to 10% of the peak's pressure. The black points show the total change in optical depth in a given atmospheric layer.
the temperatures are free parameters (T 1 −T 9 ). We then use quadratic interpolation to determine the temperature values for the 81 remaining layers between these points.
A caveat for these fits is that we fix the surface gravity of the companion at 2200 cm s −2 , close to the value for Jupiter. While it is likely that this object is much more massive than Jupiter Bonnefoy et al. 2014) , it is also significantly hotter, due to its young age, and possibly inflated. In order to check that this is a reasonable assumption, we run two short chains with and without clouds (250,000 iterations) where we let the surface gravity be a free parameter. We find that the surface gravity is unconstrained and tends toward unphysical values (millions of cm s −2 ), causing similarly unphysical values for the molecular volume mixing ratios. We also run chains with 250,000 iterations, with and without clouds for surface gravities of 2700 and 1700 cm s −2 . The chemical abundances are expected to be correlated with the surface gravity. High surface gravity flattens the spectrum and requires higher abundances of a molecule to produce a feature of a given depth. Since our κ And b spectrum is dominated by the water feature at 1.4 µm, we compare the derived water abundances for the high and low test values of the surface gravity and find that the difference from the final adopted value is less than ∼ 2 σ. Therefore, we feel that fixing the surface gravity in the fit to 2200 cm s −2 is justified and does not have a significant impact on our results.
The surface gravity depends on the mass and the radius and thus it is correlated with the luminosity. Unfortunately, the absolute calibration of the observed spectrum not reliable, so the luminosity is difficult to determine from that and the known distance. A very high surface gravity can "flatten" the emission spectrum, and cause molecular absorption features to appear less deep. This effect is difficult to distinguish from the effect of clouds in low-resolution spectra. Considering these complications, we elect to fix the surface gravity at a reasonable value and explore the other properties of the atmosphere of the companion.
Markov Chain Monte Carlo
As a first step in the fitting process, we employ the IDL MPFIT χ 2 -minimization library (Markwardt 2009 ) to provide us with an initial guess about the location of the minimum χ 2 in the free parameter space. Then, we employ a Markov Chain Monte Carlo (MCMC) approach to get best fit values and uncertainties. For this analysis, we have utilized the MCMC algorithm implemented and described by Todorov et al. (2012 Todorov et al. ( , 2014 , who follow Ford (2005, 2006) . We use the Metropolis-Hastings algorithm within the Gibbs sampler in conjunction with a Gaussian trial value probability distribution. During a given MCMC iteration, we perturb only a single randomly chosen free parameter. Each MCMC chain that we execute has 10 6 iterations, or approximately 60,000-70,000 iterations per parameter. The initial part of the MCMC chain (10% or 10 5 iterations) is discarded as "burn-in" time necessary for the algorithm to converge. Before running a long chain, we run shorter chains in order to choose the "step sizes", i.e., the standard deviations of the Gaussian probability distributions used to select the amount by which a given parameter is perturbed. In order to optimize the convergence speed of the chain, we elect, by experimentation, the Gaussian widths such that the acceptance rate of the given parameter is between 15 and 35%. We constrain the molecular number fractions of the molecules to be less than 10 −1 and the temperatures are constrained to be less than 3000 K by preventing any trial states that exceed these values. This is done in order to prevent the chains from entering temperature regimes where the opacities are not defined and preventing the total abundance of water, methane, CO and CO 2 from becoming unrealistically large.
6. RESULTS AND DISCUSSION 6.1. Adopted Parameter Values and Uncertainty Estimation As stated in Section 5.1, we run two MCMC chainswith and without clouds in the model atmosphere. For both chains, the best fit model is chosen as the model with the minimum χ 2 value in the MCMC chain, after the initial 10 5 iterations have been dropped as mentioned before. While this model best fits the available data, its parameters are not necessarily the values on which the MCMC converges finally. We focus on the results from the cloud-free MCMC. Even though the reduced χ 2 value of the best fit model that this chain encountered (1.13) is larger than the value produced by the cloudy best fit (χ 2 red = 0.96), the Bayesian information criterion (BIC) for the cloudy models (434) is much larger than the value for the cloud-free models (380). This suggests that the improvement in the fit is not significant given the additional freedom in the model. Hence, we present our fits with no clouds in Figure 2 . The associated cloudfree P-T profiles are presented in Figure 3 . We estimate uncertainties and adopt best fit values based on the histograms of the MCMC parameter states. Even though we adopt the cloud-free converged parameter values based on the BIC argument, we list the results for both the cloudy and cloud-free models in Table 3. We are able to estimate the number fraction of water molecules and we show the cloud-free water abundance histogram in Figure 4 . The histograms for CO 2 and CH 4 in both the cloudy and cloud-free models are flat, indicating poor convergence, but have a sharp cut-offs towards higher number fractions (but well below the maximum value of 0.1). Thus, we place upper limits on the abundance of CO 2 by reporting the number density value below which 95% of MCMC iterations have occurred for that parameter. The cloud-free chain for CH 4 contains values all the way up to the imposed limit of log(n CH4 ) ≤ −1 (Figure 5 ), but 95% of the values are below log(n CH4 ) < −2.8, and thus we adopt that as the upper limit for methane. There is no sharp drop in either of the CO abundance histograms up until the maximum permited value for the parameter in the MCMC (log(n CO ) ≤ −1) and thus this parameter is unconstrained. For both the cloudy and cloud-free models, the water fractions and the upper limits for the CO 2 fractions are consistent with each other suggesting that clouds play a minor role for this atmosphere at this wavelength range. The "cloudy" upper limit for methane is stricter than the cloud-free limit, possibly because in the cloud-free case methane provides an additional opacity source provided by the clouds in the cloudy models. We conservatively adopt the methane abundance upper limit from the less strict cloud-free case: log(n CH4 ) < −2.8.
The cloud-free P-T profile that we adopt (Figure 3 ) encompasses only four of the eight levels in pressure where the temperature is a free parameter. The temperatures at pressures above the 0.1 bar level (10 5 Pa) do not converge.
Comparison with other planets
The water volume mixing ratio in the atmosphere of 
The parameter symbols are defined in Table 2 † 95% upper limits based on the MCMC histograms for these parameters.
‡ Temperature parameters T1-T4 are unconstrained by both the cloudy and cloud-free models.
side equilibrium temperatures (assuming no redistribution to the night side) of ∼ 1930, 1920 and 2110 K, respectively, which is similar to the effective temperature of 2040 ± 60 K for κ And b ). This is despite the fact that κ And b is more massive than all three of these, and in fact than any of the planets presented in Figures 6 and 7 . The water abundance of κ And b falls in the range of hot Jupiter day side abundances suggesting that outside irradiation and planet mass are not crucial for the formation and number fraction of water molecules in a gas giant atmosphere. The uncertainties in the water abundances of the transiting planets are far larger than those for the directly imaged planets. We attribute this to the fact that in most cases shown in Figures 6 and 7 the model retrieval on secondary eclipse data relied on multiband photometry of the planetary day side rather than spectroscopy. In addition, directly imaged spectra do not suffer from systematic effects resulting from eclipse and transit depth measurements. The wide range of water abundances covered by the companions in Figures 6 and 7 provides no proof that the amount of water in a companion atmosphere is related to its temperature or mass. However, this may change as data with higher signal-to-noise ratio and with better spectral resolution and coverage becomes available for the objects, since this will enable more precise abundance measurements. The qualitative shape of the retrieved P-T profile in the -We compare about 100 instances of the model from the cloud-free MCMC run (orange) to the observed spectrum of κ And b (connected black points; Hinkley et al. 2013 ). Every tenth model is chosen from a set with ∆χ 2 < 1 compared to the model with smallest χ 2 (15.9). The water absorption feature at 1.4 µm is clearly seen in the spectrum. While we plot absolute units on the vertical axis, the absolute calibration of the spectrum was poor in the original observations (unlike the relative calibration at different wavelengths). Thus, the ordinate axis here should be used to compare the difference of the fluxes at different bands and not the absolute flux of κ And b. The smallest reduced χ 2 value encountered during this MCMC run is 1.13. The details of the observed spectrum and its uncertainties are discussed in Section 3.
range where the temperatures converged in the MCMC (Figure 3) is comparable in the 0.1−10 bar range with the theoretical profiles calculated by Burrows et al. (2008) , where temperature is approximately constant. These models were computed for hot Jupiters HD 209458b, HD 189733b, TrES-1, HD 149026b, HD 179949b , and υ And b. Burrows et al. (2008) employ a much more thorough physical model of the atmosphere than our study, including convection and a thermochemical model for the molecular abundances. Our retrieved P-T profile is also qualitatively comparable to the the day-side P-T profiles retrieved by Line et al. (2014) for eight of their nine transiting hot Jupiters during secondary eclipse, despite offsets due to variable effective temperatures. The exception is the atmosphere of HD 209458b, where these authors find a temperature inversion in this pressure range. The detailed observed spectra and photometry of the directly imaged young companion HR 8799b Currie et al. 2011; Galicher et al. 2011; Skemer et al. 2012 ) have allowed Lee et al. (2013) and Lee et al. (2014b) to perform a retrieval analysis of these data. The shape of the P-T profile they retrieve is also comparable with the one derived here, although HR 8799b's effective temperature is over 1000 K lower than κ And b's Lee et al. 2014b ).
7. SUMMARY AND FUTURE WORK We find that the P-T profile and water abundance that we derive for κ And b are not qualitatively different from these properties derived from the day side spectra and photometry of transiting hot Jupiters. Since H 2 O is essential in the formation of the C/O ratio of an atmosphere, the similar water abundances may point to a common formation mechanism and location within the protoplanetary disk, followed by migration (e.g. Öberg et al. 2011; Madhusudhan et al. 2014a) . This hypothesis can be tested more robustly as the quality of secondary eclipse and direct imaging observations improves. Therefore, studying the molecular abundances of gas giant planets and companion brown dwarfs with very different effective temperatures, irradiation levels and masses that currently appear to inhabit a similar region of parameter space, is a logical next step. Furthermore, the P-T profile that we measure is at least qualitatively consistent with those derived from the more sophisticated forward models (Burrows et al. 2008) .
Future development of our computational approach will include proper treatment and weighting of photometric data points, which will allow full treatment of all available data for a given substellar companion. While our spectrum contains 28 data points, which is a rich Figure 2 , the orange lines represent P-T profile instances from the Markov chain that result in model spectra with ∆χ 2 < 1 compared to the best fit model. The MCMC including a cloud layer delivers similar results. A small minority of the MCMC models, many of them with χ 2 value close to the minimum, display a strange zigzag P-T profile. While these are likely to be unphysical, since real atmospheres would smooth out such drastic temperature inversion, but we include them in our analysis for completeness.
data set compared to many other exoplanet studies, it is still not a high-resolution, high-signal-to-noise spectrum. Obtaining higher quality spectra of directly imaged companions using the new generation of high-contrast instruments like GPI (Gemini South, Macintosh et al. 2014) and SPHERE (VLT, Beuzit et al. 2008) would allow for better constraints of their P-T profiles in a wider range of pressures and allow for better quantitative comparisons to the P-T profiles of hot Jupiters.
While the radiative transfer model presented here is simplified and could yield unphysical results by not taking into account potentially important chemical species or physical processes, it is important to consider along with sophisticated but computationally expensive forward models. Our relatively fast code can account for and place uncertainties on the most important constituents of an atmosphere that shape the observed emission spectrum The results from this and similar studies could be used input for forward models that include additional physical and chemical considerations. While there is a long tail towards very low abundances, there is a clear strong peak near 10 −4 . We denote the peak of the distribution (solid red line) and the region that covers 34% ("1 σ") of the values on either side (dashed red lines). In reality, the cut-off is very sharp towards higher water fractions and the region between the distribution peak and its maximum value covers only about 28% of the histogram. Here the long tail towards very low abundances is much more pronounced and the peak near log(n CH 4 ) ≈ −3 is much weaker in comparison to the water hitogram. The peak corresponds to the family of models with zigzag P-T profiles (Figure 3) . Thus, it is probably unphysical and our methane abundance upper limit is a conservative estimate. Therefore, we can only place a 95% upper limit on the number fraction of CH 4 using the cloud-free model (red dashed line). The retrieved water abundances of hot Jupiters based on secondary eclipse photometry and emission spectroscopy by Line et al. (2014) are shown as black circles (for WASP-43b we use the updated value from Kreidberg et al. 2014) . The blue triangles without a label represent the water abundances of three planets from the Line et al. (2014) sample based on transit spectroscopy retrieval analysis by Madhusudhan et al. (2014b) . The two points representing directly imaged companions (this work and Lee et al. 2014b ) are shown as red squares. For this plot, we use the equilibrium dayside temperatures for the hot Juptiters, assuming no redistribution to their night sides, and the effective temperatures for the directly imaged objects Lee et al. 2014b ). The uncertainties of the abundance of water in the hot Jupiters based on secondary eclipse measurements are typically large since most of them have only dayside photometry in the mid-infrared and no spectroscopy, while the retrievals by (Madhusudhan et al. 2014b) and those for HR 8799b and κ And b relied on near-infrared spectra. This suggests that the way to maximize precision in water abundance measurements is to rely on spectra of directly imaged companions. The coolest "hot Jupiter" on the plot, GJ 436b, is in fact a Neptune-sized planet orbiting a red dwarf on a 2.6 day orbit. The uncertainties on the water abundance of HR 8799b are too small to be clearly displayed in this logarithmic scale. Figure 6 , but here we compare the water volume mixing ratio to the mass of the planets and substellar companions. We adopt the masses listed in the The Extrasolar Planets Encyclopaedia a , except for κ And b, for which we use the mass of 50
